The dynamic behavior of thin-film ionic transition metal complex-based light-emitting electrochemical cells
I. INTRODUCTION
Since the demonstration of the first inorganic lightemitting diode (LED) in 1962, 1 the rapid advancement in the field made these devices more and more an ubiquitous part of our everyday life. Nowadays, LEDs feature prominently in optical communications, lasing, display applications as well as in the lighting market, among other things owing to their high energy efficiency. 2, 3 In recent years, organic light-emitting diodes (OLEDs), the organic analogues to LEDs, have emerged as a promising alternative and have started to penetrate the market, especially as a technology for cell phone displays, but gradually also for TV screens and solid-state lighting. [4] [5] [6] This is mainly attributed to their unique features of being surface light sources, selfluminous, flat, light-weight, and compatible with flexible substrates enabling new shapes and designs. Highly efficient state-of-the-art OLEDs typically feature a multilayer architecture comprising several layers with different functionalities (charge injection, charge transport, and radiative recombination) which are prepared via evaporation under high-vacuum and surrounding inert atmosphere. 7, 8 This makes the manufacturing process of OLEDs cost-intensive, especially with respect to larger areas, and therefore hinders a widespread penetration of the technology into the display and lighting market so far.
A promising approach is to reduce the complexity of the device by using materials that efficiently work in a singlelayer architecture and which are additionally solutionprocessible. A special kind of organic light-emitting device, referred to as light-emitting electrochemical cell (LEC), takes advantage of materials which fulfill both of the desired requirements. LECs are solid-state mixed ionic/electronic conductors comprising just a luminescent layer sandwiched in-between two electrodes. [9] [10] [11] [12] [13] [14] [15] They consist either of a blend of a fluorescent, semiconducting polymer, an ionic conductor, and a salt and are termed polymer LECs (pLECs), [9] [10] [11] [12] or of a phosphorescent ionic transition metal complex (iTMC) usually admixed with an ionic liquid (IL) and are referred to as iTMC-LECs. [13] [14] [15] The interplay between ionic and electronic charges in LECs leads to device processes that are fundamentally different from OLEDs. As a first step, the operation of LECs involves the accumulation of ions at the electrode interfaces in response to an applied electrical field. These thin sheets of uncompensated ionic charges, referred to as electric double layers (EDLs), facilitate the injection of electronic charge carriers into the active layer. [16] [17] [18] [19] Subsequent electrochemical doping of the luminescent, semiconducting material used, manifested via its reduction and oxidation by injected electrons and holes and the simultaneous compensation of the generated charge by ions with opposite sign, gives rise to the in situ formation of highly conductive p-and n-type regions adjacent to the anode and cathode, respectively, which grow towards each other to finally establish a light-emitting p-i-n junction, where charge carriers recombine radiatively. 9, 10, 20, 21 The peculiar functional principle of LECs is responsible for their beneficial properties, like low-voltage operation and bipolar electroluminescence almost irrespective of the work-function of the electrode materials used, 9, 10, 22, 23 but has been the subject of intense debates ever since their discovery by Pei et al. in 1995. [24] [25] [26] Recent studies, however, have unequivocally confirmed the working mechanism. 27, 28 Most of the experiments performed to shed light on the functional principle of LECs were conducted on devices with a planar geometry featuring active layer thicknesses up to the centimeter scale. [29] [30] [31] The device design is enabled by the formation of the highly conductive, doped regions during operation and allows for the use of analysis techniques like optical imaging via fluorescence microscopy, 21, 27, [29] [30] [31] [32] [33] scanning Kelvin probe microscopy (SKPM), 20, 21, 27, 32, 34 and optical beam induced current (OBIC) measurements. 33, 35, 36 However, LECs that are relevant for practical use comprise a stacked architecture with an active layer of only a few hundreds of nanometers. This huge discrepancy in thickness raises the question whether one can directly translate the working mechanism from planar to sandwiched LECs. Especially in recent years, the physical processes in stacked devices were studied by different electrical and optical measurement techniques [37] [38] [39] [40] and among them impedance spectroscopy (IS) turned out to be a promising approach. As this method uses a time-dependent signal, it is possible to look separately at fast (electronic) and slow (ionic) processes in LECs which makes IS an excellent means to disentangle both charge transport mechanisms in operational devices. So far most of the IS work was focused on pLECs. [41] [42] [43] [44] [45] [46] [47] [48] While in the early days, IS was used to probe the steady-or quasisteady state condition of these devices, [41] [42] [43] [44] lately also their transient properties were investigated. [45] [46] [47] [48] Two very recent studies mediate a very comprehensive picture of the physics of pLEC devices, including the extraction of key information, like the dielectric constant of the active layer, the conductivity of mobile ions, the thickness of the EDLs, and the width of the intrinsic region as a function of time and voltage. 47, 48 The utilization of IS in case of iTMC-LECs, especially with respect to the evaluation of physical processes, is, however, rather scarce. It was applied to study degradation in these devices 49, 50 to make statements about the impact of ion mobilities, 51 to prove electrochemical junction formation and to highlight influencing variables on the junction width, and to estimate the transient thickness of the p-i-n junction during operation. 38, 52 One of the latest publications in the field of LECs used IS to demonstrate that pLECs and iTMCLECs are essentially behaving as one class of device. 53 In this paper, the results from an impedance spectroscopy study on stacked iTMC-LECs based on the ionic iridium(III) model compound bis-2-phenylpyridine 6-phenyl-2,2 0 -bipyridine iridium(III) hexafluoridophosphate ([Ir(ppy) 2 (pbpy)][PF 6 ]) are highlighted. The evaluation of the corresponding data is additionally supported by means of complex nonlinear least squares (CNLS) fitting to finally establish a comprehensive picture about the physics and dynamics of these kind of devices. We find that charge transport in the investigated devices is dominated by the ions when carrier injection from the electrodes is prohibited and that ion movement is in general limited by the presence of transverse internal interfaces. The mobility of PF 6 À anions is calculated to be around 10 À12 cm 2 /Vs and the EDL thickness to lie in between 6 and 7 nm. We also operated the devices at a low voltage of 3 V, slightly higher than the bandgap potential of the ionic complex used, and show that the width of the intrinsic region constitutes almost 60% of the total active layer thickness in steady state which is obviously the cause for the low current and luminance observed under these driving conditions. 6 ] (purum, !97.0%) were obtained from Sigma Aldrich and used as-received. Indium tin oxide (ITO)-coated glass substrates (ShinAn SNP) were patterned using conventional photolithography.
Sandwich-type solid-state light-emitting electrochemical cells were fabricated via spin-coating under ambient conditions. For that the ITO substrates were extensively cleaned using sonication in detergent bath and distilled water as well as using subsequent oxygen plasma treatment. Prior to the coating of the active (emissive) layer, a 100 nm film of PEDOT:PSS was deposited (1500 rpm, 60 s) to planarize the ITO anode increasing the yield and reproducibility of working devices. A stock solution was prepared dissolving 5% by weight of the iridium complex and the IL in a molar ratio of 3:1 in acetonitrile. The IL was added to decrease the turn-on time of the devices. 56 The stock solution was filtered using a 0.1 lm polytetrafluoroethylene (PTFE)-filter and spin-coated on top of the PEDOT:PSS layer (750 rpm, 60 s). Afterwards the substrates were transferred to an argon filled glovebox (O 2 and H 2 O < 1 ppm) and annealed on a hotplate at 100 C for 1h resulting in a final active layer thickness of 100 nm. Finally, a 150 nm thick aluminum (Al) cathode was thermally evaporated on top under high vacuum (<1 Â 10 À6 mbar) using a shadow mask, defining 8 pixels per substrate, each having an active lighting area of 4 mm 2 . Thicknesses of the films were determined on reference samples using a KLA Tencor PÁ15 profilometer.
To investigate the devices under ambient conditions, they were encapsulated under inert atmosphere by a cavity glass capping (Shanghai Amerina Optoelectronic) equipped with a silica getter to protect the pixel areas against penetrating oxygen and water. The capping was directly glued to the substrate without prior removal of the organic layers using a self-made UV-curable epoxy adhesive which was coated locally onto the margin of the capping. To test the functionality of the encapsulation, control devices were processed using a metallic calcium layer as a sensor. As the calcium sensor stayed metallic during the long-term study of several hundreds of hours, a possible reaction with water and oxygen to CaO or Ca(OH) 2 which would have changed the optical appearance and the resistivity of the transparent film, could be excluded.
B. Impedance spectroscopy IS was performed to obtain key information of iTMCLECs based on the ionic complex [Ir(ppy) 2 (pbpy)][PF 6 ], like the conductivity and mobility, respectively, of mobile ions, the thickness of the EDLs, and the width of the intrinsic region of the p-i-n junction during operation.
In IS, a small alternating voltage v ac ¼ v 0 sin(xt) is applied between the two device electrodes and the resulting current response i ac ¼ i 0 sin(xt þ u) is detected with v 0 and i 0 representing the corresponding amplitudes, x the angular frequency (x ¼ 2pf, where f is the frequency), and u the phase difference between the voltage and the current. The parameters defined by IS depend on the current response i ac and can be decomposed in a real part and an imaginary part according to
where Y, Z, G, and C represent the admittance, the impedance, the conductance, and the capacitance of the system of interest, respectively. The impedance analysis was executed at a constant temperature of 20 C (controlled by the use of a Peltier element) either with a Schlumberger SI 1260 Impedance-Gain Phase Analyzer in the frequency range from 1 MHz to 10 À3 Hz or with an Agilent 4294 A Precision Impedance Analyzer in the frequency range from 1 MHz to 40 Hz. As variations in the modulation voltage amplitude v ac in the range of 10-100 mV showed minor scattering of the measuring points in the low frequency part of the impedance data for small values of v ac ( 50 mV), an AC voltage of 100 mV was chosen. The impedance spectra were recorded either on pristine LECs without an offset voltage v dc applied or during the operation of the devices at a defined constant v dc of 3 V superimposed on v ac . The electrical control and the data acquisition were accomplished by a custom-made LabVIEW program.
C. Fitting of impedance data
Using a CNLS procedure, the IS data were fitted to the response of an equivalent circuit yielding estimates of the parameters of the model. CNLS fitting was performed by means of the program LEVM/LEVMW by James Ross Macdonald which is available free of charge via the internet (www.jrossmacdonald.com; present version 8.12). For the fitting of the impedance data, the use of constant phase elements (CPEs) was necessary. A CPE is an equivalent electrical circuit component that models the behavior of an imperfect capacitor. The impedance of the CPE is defined as
where Q represents the numerical value of 1/jZj at x ¼ 1 rad/s and a the phase of the element. Both Q and a (0 a 1) are frequency-independent parameters. The interpretation of Q depends on a and cannot be directly associated with a meaningful physical value. However, when a ¼ 1, the CPE acts as a pure capacitor and when a ¼ 0, it acts as a pure resistor. For other a values, it is possible to extract an effective device capacitance C eff , via an approach developed by Brug et al. 57 and Hirschorn et al. 58 using the equation
where R represents a series resistance in a blocking-electrode scenario and a parallel resistance in a non-blocking-electrode scenario. Possible explanations for the appearance of a CPE include the surface roughness of the electrodes, inhomogeneous reaction rates at the surface, a varying thickness and/or composition, and a non-uniform current distribution. 59 
III. RESULTS AND DISCUSSION
A. Analysis of the iTMC-LEC in the initial state
The frequency-dependent impedance and phase angle of a pristine iTMC-LEC recorded at a bias voltage of 0 V are illustrated in Figure 1(a) , whereas the corresponding capacitance and conductance are depicted in Figure 1(b) . In accordance with the results of van Reenen et al. obtained for a stacked pLEC, 48 a conductance plateau (6.97 Â 10 À7 S) is present at longer timescales (10-1000 Hz) which can be attributed to ion transport. Moreover, in the frequency range between 100 Hz and 10 kHz, a capacitance plateau (1.81 nF) is observed which can be ascribed to the geometrical capacitance C geo of the device. By employing the equation with e 0 being the permittivity of free space (8.85 Â 10 À12 F/m), and using geometric data of the LEC device (area A and thickness of the active layer d), a dielectric constant e r of 5.11 is computed. When approaching lower frequencies, an increase in the capacitance at around 40 Hz is evident passing over to a second plateau (14.69 nF). This finding can be correlated to the formation of EDLs which screen the electrical field in the bulk of the device. Accordingly, the conductance starts to decrease at the same time at which the EDLs start to form to finally pass over to a second conductance plateau at frequencies <1 Hz (1.44 Â 10 À7 S) which can be assigned to electronic leakage. Besides the similarities in the general trend of the impedance spectra obtained in this study and for the pLECs probed by van Reenen et al., 48 the spectra of the latter devices are shifted by at least two orders of magnitude to higher frequencies, meaning that iTMCbased cells respond much slower to an electrical signal than pLECs do. This rationalizes the fact that polymer-based devices reveal turn-on times significantly shorter (seconds) compared with their ionic, small-molecular counterparts (hours).
The results highlighted in Figure 1 (b) can be used to obtain information about the thickness of the EDLs and the ionic conductivity. Assuming that the capacitance of both EDLs (C EDL ) is similar (i.e., 29.38 nF in total) 60 and that the layer in between the sheet of ions and the electrodes has the same dielectric constant as the rest of the film, the thickness of the EDLs d EDL can be approximated as
must hold. 48 Using the experimental data, an EDL thickness of 6.16 nm can be calculated which is in good agreement with recent literature results on pLECs. 47, 48 Such a small width allows for easy tunneling injection of electronic charge carriers into the active layer during operation at voltages above the bandgap potential of the iTMC used. On the other hand, the conductance plateau at intermediate frequencies can be used to determine the conductivity r of the ions in the active layer according to equation
where a value of 1.74 Â 10 À10 S/cm is obtained. Surprisingly, this is at least on order of magnitude higher as found for ruthenium(II)-based LECs, 51 although the turn-on times of the latter devices are much faster (seconds) compared with the iridium(III) one under study (hours). This may be rationalized by the fact that p-doping initially dominates in the iridium(III)-based iTMC-LEC and hence the onset of light emission occurs in close proximity to the metal electrode. 21 As metals are known to heavily quench the luminescence of organic compounds, the emission zone has to move away first before light emission can be detected, which is why the turn-on time is longer.
Recalling that the mobility of the bulky iridium(III) cation is negligible 21 and that the dimension of the IL cation
þ ) may result in a low mobility as well, the ion conductivity is ascribable to the small PF 6 À anions. This aspect allows for the calculation of their mobility. Considering a total anion density of 8.25 Â 10 20 cm
À3
, which can be estimated taking account of the ratio between iridium(III) complex and IL and of the dimensions of the device active layer and by assuming an active layer density of 1 g/cm 3 , an anion mobility of 1.32 Â 10 À12 cm 2 /Vs is determined. Making use of Einstein's relation, this corresponds to an anion diffusion constant of 3.39 Â 10 À14 cm 2 /s. Finally, the contributions of the electronic and ionic species to the transport of charge can be calculated which is referred to as the transference number of the respective species. 61 Using the values for the ionic and electronic conductance and the equations illustrated in Ref. 61 , transference numbers for ions (t i ) and electrons (t e ) of 0.83 and 0.17 are obtained implying that charge transport in the iTMC-LEC is dominated by the ions at operating voltages below the bandgap potential of the ionic iridium(III) complex, i.e., when charge carrier injection from the electrodes is prohibited.
To corroborate the previous findings, CNLS data analysis was executed to fit the experimental data to a physically motivated equivalent circuit model. 59, 62 The equivalent circuit that has been used is depicted as an inset in Figure 1 (b) and consists of three parallel branches. R e represents the electrical resistance of the active layer, including the injection resistances. C geo illustrates the geometrical capacitance of the two electrodes contacting the active layer. The third path reflects the existence of ions within the active layer and comprises a series assembly of various elements. The constant phase element CPE EDL1 and the capacitor C EDL2 denote the two EDLs at the electrode/active layer interfaces, while the resistor R ion represents the bulk ionic resistance of the active layer. Up to this point, the equivalent circuit is virtually identical to the one used by Munar et al. to model the impedance data of a pLEC. 47 However, Munar's approach did not lead to a good fitting result in case of the herein investigated iTMC-LEC, for which reason it was modified by an additional parallel resistor/CPE array R int /CPE int . According to Huggins, this element reflects an additional impedance due to transverse internal interfaces, arising, for example, from grain or interphase boundaries in polycrystalline materials. 61 It was reported that alternating laminar domains of cations and anions, respectively, emerge in the crystal structure of [Ir(ppy) 2 6 ]. 54 If this architecture is maintained in thin films containing small amounts of IL, this may rationalize the additional impedance as ionic transport across the domains is hampered as opposed to transport inside the domains. Otherwise, one may also assume nanoscale crystallization as a possible source for the additional impedance. Finally, the parallel circuit assembly is connected in series with another resistance (R ext ), representing all external resistances, including those of the ITO and Al electrodes and the measurement cables. It is important to mention that in order to obtain a good fit of the model to the experimental data, the partial use of CPEs instead of pure capacitances is essential. The need for CPE elements is generally attributed to the existence of surface and/or bulk heterogeneities or to continuously distributed time constants for chargetransfer reactions. 58, 59 The fact that no CPE was employed to model the second EDL is accounted for by restrictions in the fitting software used. It is, however, not certain that a CPE instead of a capacitor will result in a better fit to the experimental results. One may envision that a PEDOT:PSS layer is present in the device to smoothen the typical uneven surface structure of ITO for which reason a simple capacitor may be adequate to model the anodic interface.
(pbpy)][PF
The solid lines in Figure 1 represent the fitting results of the equivalent circuit model to the experimental data. The very good agreement between the data and the modeling results confirms that the selected equivalent circuit is an appropriate choice. The individual variables obtained from the fit are depicted in Table I , whereas the effective capacitances C eff of the CPEs have been calculated according to Eq. (3). The quantities enable the calculation of specific device parameters of the current iTMC-LEC. By employing Eq. (4) and using geometric data of the LEC device, a dielectric constant of 3.72 is computed. It is somewhat lower than the experimental finding highlighted before which is due to a slightly different geometrical capacitance. When approximating the structure of the EDLs with that of a planar capacitor, their widths can be calculated according to Eq. (4) as well by applying the calculated dielectric constant. Thicknesses of 6.89 and 32.64 nm are derived, where the latter is rather high with respect to the total active layer thickness of 100 nm. This is due to a low a value of the respective CPE. A similar result was obtained by Munar et al. and was ascribed to a rather inhomogeneous electrode interface. 47 Even if the computed thickness of the second EDL seems quite unrealistic, it is worth mentioning that the occurrence of large EDLs may be generally possible as concluded from the outcomes obtained in case of planar iTMC-LECs. 21 In contrast, the width of the thinner EDL is in excellent agreement with the experimental findings as illustrated before. This holds also for the ionic and electronic conductance derived from the respective resistances. Accordingly, similar experimental and modeling results are also achieved for the transference numbers of ions and electrons and the conductivity, mobility, and diffusion constant of anions. A summary of the typical device parameters of the [Ir(ppy) 2 (pbpy)][PF 6 ]-based LEC, extracted from the experimental findings and from equivalent circuit modeling, is depicted in Table II . Finally, one can conclude that the large discrepancy between R ion and R int (see Table I ) implies that ion transport in the present device is limited by internal interfaces, either due the occurrence of nanoscale crystallization or in consequence of the formation of ion domains as outlined above.
B. Transient behavior of the iTMC-LEC in operation
The IS investigations at a bias voltage of 0 V provided already a multitude of valuable information about structural parameters of [Ir(ppy) 2 (pbpy)][PF 6 ]-based LECs. As a next step, it is also important to study the transient impedance response when a voltage higher than the bandgap potential of the iridium(III) complex (2.6 V) is applied. This allows for the analysis of the electrochemical doping process and for the calculation of the junction width of the evolving p-i-n structure as a function of operating time. It is to be noticed that the thickness of the intrinsic region was found to be strongly dependent on the operating voltage. 41, 47, 52 The transient impedance and phase angle of the iTMC-LEC as a function of frequency recorded at a bias voltage of 3 V are illustrated in Figure 2 . Applying the bias to the device leads to a continuous decrease in the impedance with operating time (Figure 2(a) ). Simultaneously, the minimum of the phase angle increases and shifts to higher frequencies (Figure 2(b) ). The corresponding Cole-Cole plots, depicted as an inset in Figure 2 (a), appear to consist of single semicircles with radii that decrease monotonously with increasing operating time implying an ongoing reduction of the device resistance. This behavior can be explained by the formation and growth of highly conductive regions starting from the electrode interfaces that decrease the width of a less conductive, intrinsic (undoped) region sandwiched in between.
To estimate the thickness of the intrinsic region as a function of driving time, CNLS equivalent circuit modeling was performed. According to Munar et al., an LEC under operation can be illustrated by two resistors which represent the doped regions and a resistor R i connected in parallel with a constant phase element CPE i to take into account the resistive and capacitive components of the intermediately positioned p-i-n junction. 47 This approach, however, did not lead to a good fitting result in case of the herein investigated iTMC-LEC. Therefore, the equivalent circuit was modified and the resistors representing the doped regions were replaced by parallel resistor/CPE assemblies R n,p /CPE n,p as shown in the inset of Figure 2(b) . This may be necessary owing to a gradual change in the charge carrier density and conductivity throughout the doped regions as it was demonstrated to occur in pLECs. 48 Charge carriers that enter regions of lower density/conductivity cause an accumulation of charges which is reflected in a capacitive contribution. As in the data fitting carried out before, the use of CPEs instead of pure capacitances is essential in order to obtain a good fit of the model to the experimental data.
The solid lines in Figure 2 represent the fitting results of the equivalent circuit model to the experimental data. The very good agreement between the data and the modeling results confirms that the selected equivalent circuit is an appropriate choice. The individual variables obtained from the fit which describe the intrinsic region of the iTMC-LEC are depicted in Table III . Again, the capacitance of the CPE has been calculated according to Eq. (3). It is obvious that the resistance of the undoped zone decreases markedly during operation, while its capacitance increases steadily which is also illustrated in Figure 3 . By approximating the junction region by a parallel plate capacitor, the width of the intrinsic region d i can be estimated from the calculated capacitance, the experimentally determined dielectric constant, and the geometrical dimensions of the device. The results are enclosed in Table III and in Figure 3 together with the simultaneously recorded current density over time. In the early stage of operation, the calculated thickness of 103 nm agrees well with the nominal thickness of the device (100 nm). While the resistance of the undoped zone drops significantly during the first hour of operation, its capacitance and hence the junction width are almost constant (see Figure 3 insets ). This may be explained by the slow formation of the EDLs which gradually reduce the injection resistance. The current increases only slightly as a result of the large bulk resistance. When the injection barriers are overcome, electrochemical doping sets in and conductive regions start to grow from the electrode interfaces. The width of the intrinsic region decreases continuously reflected by the rise in the capacitance, the ongoing decline in the resistance, and the increment in the current. After around 100 h of operation, the thickness of the undoped zone has reduced to 63 nm. At this moment the resistance, the capacitance and the junction width start to level off indicating the convergence to a quasi steady state. After 250 h of driving, the junction thickness has decreased marginally onwards to 58 nm meaning that the crossover region from p-to n-type doping occupies most of the active layer. The large width of the intrinsic region at this point in time is responsible for the huge resistance of 3.6 kX resulting in a small current and moreover in a low probability of radiative charge carrier recombination. Both of these effects may rationalize the low device brightness of around 100 cd/m 2 at this instant of time (cf . Table III) . To briefly comment on the time-dependent luminescent behavior of the iTMC-LEC under bias, the onset of electroluminescence, defined as the moment where the luminance reached a value of 1 cd/m 2 , was detected after 22 h of operation. At this point in time, the undoped part of the active layer spans roughly 80% of the total thickness giving rise to a p-i-n junction with a vast intrinsic area. Henceforth and within the timeframe of the experiment, the brightness increases continuously with proceeding driving time and follows the trend of the current. Particularly, when the capacitance and the resistance of the intrinsic region start to level off after around 100 h of operation and the junction width approaches a quasi steady state, the rise of the current and luminance is still ongoing. This observation is indicative of an increase in the doping density in the p-and/or n-doped zones in the advanced stage of operation.
So far, only the evolution of the intrinsic region during iTMC-LEC operation was discussed. In the following, we will finally comment on the doped zones and their development as a function of time. After 22 h of driving, when light emission is observed for the first time and in consequence, the p-i-n junction has formed, the resistances of the p-and ntype regions, as derived from the CNLS fit, are relatively high (lower kX range) taking into account that the active layer has undergone doping. Moreover, they also differ quite distinctly (1 vs. 10 kX). The first issue may be explained by a generally low doping density in the p-and n-type regions or by a gradual change in the doping density and hence conductivity throughout the doped zones as it was demonstrated to occur in pLECs. 48 Recalling the discussion on a proper equivalent circuit to fit the IS data of the iTMC-LEC under bias, it is exactly the latter assertion that was adduced to justify the use of resistor/CPE assemblies instead of pure resistors to model the doped zones. In addition, the second finding implies a significant difference in the doping density among both regions, a fact that might bear upon the very different injection barriers for electrons (1.6 eV) and holes (0.2 eV) in the present device, that may at least partly persist even in the presence of doping. 63 In view of the latter statement, the doped zone with the higher resistance should be ascribed ntype behavior, while the one with the lower resistance should be attributed p-type conductivity. With proceeding operating time, the resistance of the p-doped zone is not subjected to any significant changes which imply a virtually constant doping density throughout this region. In contrast, the resistance of the n-doped zone drops markedly indicating an increase in the doping density with time. This may explain the ongoing rise in current and luminance when the junction width has started to approach a quasi steady state. As a last point, it is to be noted that the fitting results can neither unequivocally confirm nor disprove a migration of the p-i-n junction during operation as postulated in the first part of this article.
Finally, it is worth mentioning that also early experiments on pLECs revealed that the width of the intrinsic region constitutes a large portion of the total device thickness at a low driving voltage of 3 V (approximately 80%). 42 Lately, van Reenen et al. demonstrated a junction width to active layer thickness ratio of 0.3-0.8 dependent on the semiconducting polymer used. 48 In case of an iTMC-LEC comprising an iridium(III) complex similar to the one used in this work, Lenes et al. recently highlighted a strong decrease in the effective thickness from 120 nm to 26 nm at a low operating voltage of 3.5 V. 38 In general, thinner junctions were observed at higher operating voltages 47, 52 and for devices with higher ionic conductivity, respectively. 52 
IV. CONCLUSION
Impedance spectroscopy proves to be a powerful tool to shed light on the dynamic processes taking place in ionic transition metal complex-based LECs featuring a thin-film architecture. Supported by complex nonlinear least squares fitting technique, important key structural and kinetic data of devices comprising the ionic compound [Ir(ppy) 2 (pbpy)][PF 6 ] could be derived. Measurements where the bias voltage did not exceed the bandgap potential of the complex used were applied to determine the electric double layer thickness and the conductivity and mobility, respectively, of the mobile anions. Moreover, we found that charge transport in the investigated devices is dominated by the ions when carrier injection from the electrodes is prohibited and that ion movement is in general limited by the presence of transverse internal interfaces. Measurements at bias voltages exceeding the bandgap potential gave rise to an increase in capacitance which was used to calculate the width of the intrinsic region during operation. We showed that the p-i-n junction constitutes almost 60% of the total active layer thickness in steady state at an operating voltage only slightly higher than the bandgap potential which is obviously the cause for the low current and luminance observed under these driving conditions.
